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Abstract
An amperometric glucose detector, based on platinized membrane electrodes,
for use in flow injection analysis has been designed and characterized. The platinized
electrodes prepared for the sensor were constructed from a perfluorinated polymer
matrix, Nafion 117, through an impregnation-reduction technique. This technique
encompasses the incorporation of platinum (II) ions into the polymer, which are
subsequently reduced to platinum (0). Once constructed, the platinized impregnated
membrane (PIM) electrodes were characterized electrochemically, under both aqueous
and non-aqueous conditions. The PIM electrodes were shown to preconcentrate ions
of varying size and charge, as well as retain the complex ionic molecules necessary for
mediation ofglucose activity
Cis-bis(2,2'-bipyridine-N,N' dichloroosmium(III) chloride) dihydride, a redox
mediator suitable for use with glucose oxidase, GO, was synthesized and evaluated
along with an appropriate buffer system for the sensor. The buffer/electrolyte chosen
was a pH 6.5; 20mM potassium phosphate/0. 1M sodium chloride solution. The
reduction of the redox mediator was monitored effectively in the buffer solution with a
PIM. Various techniques for incorporation of GO into the PIM electrode
configuration are described, with preliminary results indicating the success of the PIM
as an enzyme electrode. The PIM's are used to measure current decay as a function of
time to give an indication of glucose oxidase activity and detection limits for glucose
concentrations are expected to be less than ImM.
The PIM electrode system offers many unique advantages in the detection of
glucose. Since glucose is monitored through a mediated response, the system is not
limited by unbound oxygen. The polymer also discriminates against undesired anions,
which decreases signals from interfering ions. Because of their rapid response, the
PIM's are an attractive detector for on-line flow analysis.
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1.0 Introduction
In the recent literature, there have been a significant number of investigations
1-18
of the different aspects and applications of biosensors.
"
Clinical and
biotechnological development of biosensor systems have been widespread, because of
their application to on-site testing, instantaneous response, and ease of use. In vivo
biosensor systems have been developed for use because of their application for clinical
analysis.
' Finally, the incorporation of the biosensors into flow analysis has been a
primary focus because of the possibility of real time analysis of samples for both
fermentation and clinical applications.
Of particular interest has been the design and characterization of enzyme
7-12
electrode systems. Enzyme electrodes combine the sensitivity of electrochemistry
with the selectivity of biological systems. A typical enzyme electrode consists of an
enzyme attached to, or deposited near, the surface of an electrochemical detector.
Any changes in the amount of substrate, product or co-reactant signifies enzyme
activity and is monitored by the electrode. Quantification of the substrate occurs
because the electrode response is proportional to the amount of substrate present.
Numerous electrochemical glucose sensors have been constructed for use
under static and flow conditions. ' ' ' These include both platinum and carbon-mesh
working electrodes, where the enzyme, glucose oxidase (GO), is immobilized or
physically entrapped on the sensor surface. The products and/or reactants of the
glucose reaction scheme, hydrogen peroxide and oxygen respectively, have been
monitored to establish glucose concentrations. However, responses based on products
and reactants are limited because of the effects of solution conditions such as pH and
7,8,10,11,14
temperature.
A new generation of glucose sensors have been developed which are based on
using redox mediators to monitor the amount of substrate. These redox mediators are
not subject to the same interferences as oxygen and hydrogen peroxide, and undergo a
separate redox reaction, which is used to detect variations in glucose concentrations in
the sample of interest. These types of enzyme electrodes will be discussed in more
detail in a later section.
With any type of enzyme electrode, the enzyme of interest must be immobilized
near the transducer. Several techniques have been studied to attach the enzyme, but
the most widely used method is entrapment within a polymer matrix. Also with
respect to the electrode surface, the electrode needs to be modified to protect the
surface from adsorbants and contaminants present in assay solutions. Interfering
species will alter current responses, leading to erroneous quantification of substrate.
Recently, polymer systems such as cellulose acetate, polyester sulfonic acid,
1 ft 1 8
and perfluorinated sulphonated complexes,
' have been used to immobilize the
enzyme and coat the electrode surfaces to minimize the effect of interferents.
In this thesis project Nafion was used to protect against the interfering ions,
immobilize the glucose oxidase, and act as an electrode after platinization. Because
Nafion is an anionomer, it rejects anions, and therefore protects the electrode surface
from adsorbants which could interfere with responses by adsorbing to the electrode
surface. The polymer is to be modified to produce a metallic surface for use as an
electrode. The technique to prepare the platinized membrane electrode, impregnation-
reduction, allows for the incorporation ofplatinum into a Nafion film. This produces a
large platinum electrode surface area within a solvent permeable membrane that is
ionically and electronically conductive. Previous work has been done on production of
19 20
the platinized Nafion electrode,
' but not for use as an enzyme electrode. The final
sensor would then be placed within a flow system to monitor glucose concentrations
through a mediated response.
1.1 Biosensors
The combination of biotechnology and electronics is what led to the
development of biosensors. Historically, the first sensor constructed consisted of an
21
enzyme immobilized at the tip of an electrochemical sensor. Renewed interest has
occurred because of the rapid growth of biotechnology and the production of new
22 23
bioprocesses. ' Therefore there is a genuine need to develop sensors that offer
real time analysis, in vivo monitoring, high sensitivity, reproducibility, and
selectivity. '' Biosensors have the ability to provide this selective, powerful
analytical tool, that is less expensive than the more traditional spectroscopic
techniques.
Biosensors are comprised of a bioactive component, that is in contact or close
proximity to a transducer. The bioactive component will recognize the species of
interest and the transducer will produce a signal that is proportional to the amount of
analyte present. Analyte recognition is dependent on the bioactive species, therefore
specificity and sensitivity of the system are regulated by the biological component.
Different biological species may be utilized to monitor a particular analyte of
interest. The biological component may be such that it catalyzes chemical reactions
(enzymes, organelles), or specifically binds the analyte (immunoglobulins). To date
numerous biosensors have been constructed utilizing enzymes, antibodies and cell
organelles. Of interest here are enzyme systems and their extreme selectivity for
substrates that provide the necessary recognition and amplification steps necessary for
biosensors.
The selectivity of a biosensor must be such that it is capable of detection with
minimal sample preparation. Ideally, the sensor should respond only to the analyte
regardless of sample environment. A lack of selectivity results in requirements such as
sample preparation, separation techniques, or the compensation for an interfering
signal. Also, the reproducibility, lifetime, calibration and stability of the sensor is
limited by the biological component of the sensor. Continuous use of a biological
component, such as an enzyme, decreases the activity, requires frequent calibrations,
and limits the lifetime of the biosensor.
The finite lifetimes of enzymes can be improved by immobilization, which
provides protection against inhibitors and deters denaturation. Immobilization of the
enzyme onto the electrode surface can be accomplished through several different
procedures: adsorption; covalent modification; cross linking; and/or entrapment within
25
a polymer matrix. The oldest and simplest method is physical adsorption, based on
van der Waals attractive forces between the enzyme and the surface of the solid
supports. However, very strong attractive adsorptive forces can denature enzymes
while weak forces can cause enzymes to be desorbed. This has led to the need to
immobilize the enzyme in another, more
"permanent"
manner. Functional groups in the
protein, not essential for catalytic activity of the enzyme, may be covalently attached
to the solid support. Generally, some loss of activity is observed and affinity for the
substrate may be altered by any resultant conformational changes. Gels, polymers,
or pastes can be used for the entrapment of enzymes to further improve their stability.
When the enzyme is physically localized, the substrate must diffuse to the
enzyme for a reaction to occur. Therefore, the response of the sensor is limited by
mass transport of the analyte and is independent of the concentration of enzyme. '
This localization extends the life of the sensor and reduces susceptibility to low
y/r
concentrations of interferents or inhibitors.
The transducer converts the biochemical signal produced into a digital signal
that can be processed. No structural information is provided but rather just the
presence and concentration of the analyte can be determined. ' The type of
detector utilized in a particular system is dependent upon the properties of the
biological species present. The physical aspects of the biological component must be
compatible with the transducer so that detection can occur.
Categories of biosensors can be defined on the mechanism by which detection
occurs. Emphasis is placed on commonly used transducers such as optical, thermal,
piezoelectrical and electrochemical sensors. The focus of this project is the
development of an electrochemical transducer, specifically an amperometric biosensor.
The theory associated with electrochemical sensors is presented in the next section,
and will be followed by specific background related to glucose sensor systems.
1.2 Electrochemistry
The interface of electrical measurements and chemical systems comprise a
large number of transducers for biosensors. The conversion of substrate to product
can be monitored by electrochemical methods. When the enzyme reacts with the
substrate of an unknown concentration, the number of ions or the concentration of the
substrate present in solution changes. This change produces a similar, proportional
change in other products and reactants, which can be monitored by a change in voltage
or current. From this information, analyte concentration can be determined.
Electrochemistry is often used as a detector because of its experimental simplicity,
high sensitivity, instantaneous response, and low cost.
Electrochemistry can be divided into three areas: potentiometry, amperometry,
and conductometry. In potentiometry, a local equilibrium is established at the sensor
interface and the electrode potential is measured. With amperometry, an electrode
potential is used to drive a heterogeneous electron transfer reaction and the resultant
current is monitored. Conductometric sensors are involved with the measurement of
conductivity at a series of frequencies.
Simplicity, familiarity and cost has dictated that potentiometry has been the
most widely used electrochemical transducer. As stated, information is obtained from
a potential difference between two electrodes. The working electrode responds to
changes in an analyte's activity versus a reference potential electrode. Ideally, the
working electrode is sensitive to only the analyte of interest. However, the electrode
is also sensitive to interfering ions that are often present in solution and which
contribute to the generated response. Often an ion selective membrane is applied to the
electrode surface to minimizes the contribution of the interference. It has been found
that poor precision has been obtained with these ion selective electrodes. The surface
can become passivated by proteins, resulting in sluggish response and drifting
potentials. Also, the electrode cannot be used at high temperature or pressure, must
be used in an up right position and its size limits in vivo analysis. Though major
limitations do exist with the application of potentiometric techniques, they are still the
most common electrochemical transducer for sensors.
Conductometry measures the conductivity of a solution which is related to the
rate of flow of charge in response to an electric field. The magnitude of conductivity
TO
is dependent on the mobility, concentration and charge of the species present.
However, in multiple solute solutions, the contribution of a single ionic solute to the
total solution conductivity cannot be determined by conductance measurements alone.
This lack of specificity, or selectivity, of the conductance parameter has discouraged
its development as a transducer for biosensors. Recent electronic developments have
resulted in automatic instrumentation and has increased the applications of
conductometry.
'
The limitations of conductometric and potentiometric methods have led to the
application of amperometric systems for use as transducers. In amperometric sensors,
a voltage is applied between the working and reference electrodes to drive a non-
spontaneous redox reaction. The current produced is proportional to the
29
concentration of analyte present, as illustrated in the Cottrell equation.
i(t)= (nFAD01/2 C0) /
(nm
t1/2)
where i(t) is the current at time t; n, the number of electrons transferred; F, the
Faraday constant; A the surface area of the electrode; D0, the diffusion coefficient of
the analyte; and C0, the concentration of the analyte.
The typical amperometric cell consists of three electrodes. At the working
electrode, the charge transfer step of the half reaction being studied occurs. The half
reaction that counterbalances the half reaction of the analyte of interest occurs at the
auxiliary electrode. The reference electrode is used to define a potential against which
24
the potential of the working electrode is measured.
Faradaic current, produced during a change in oxidation states, is a direct
measure of the rate of the electrochemical reaction. When current flows, it can be
limited by any of the following three factors: (1) the conductance of the bulk solution;
(2) the transport of reactants and products to and from the electrode surface; (3) the
rate of electron transfer reactions.
' It is imperative to examine how these factors,
or parameters are affected by the design of our electrode system.
Of concern is the effect the large surface area of the electrode will have on the
current response. It is important to note that the electrode will consist ofNafion, and
the use of a membrane as an electrode may also alter responses. It is essential to
understand, for example, how the electron transfer rate can be affected, before
examining the specific properties of our system.
Electrical resistance, present in any electrochemical cell, requires additional
voltage to force current, or ions, to flow through the cell. The voltage applied must be
great enough to provide free energy for the chemical reaction to occur, while
overcoming the cell resistance. The ohmic potential, or voltage required, is affected
by the surface area of the electrode. The larger the size, or area, of the electrode, the
more resistance present. The greater the resistance, the less amount of current that
will flow.
The rate of electron transfer from the electrode surface to the electroactive
species is affected by the structure of the double layer at the electrode surface. (Figure
1) The electrode-surface interface acts like a capacitor. The electrode surface has a
charge at a specific potential and an opposite and attracting charge is present in the
solution. Interfacial charging results in the formation of the double layer. The double
layer is affected by the electrolyte, solvent and, in this work, the nature of the
ionomeric film. For example, the electrolyte can adsorb to the surface of the
electrode. The presence of the electrolyte on the electrode surface will force the
analyte to be a set distance away from the electrode surface. As the distance between
the analyte and the electrode surface increases, it is more difficult for the electron
transfer reaction to occur, and an overpotential results. Likewise, any contributing
Double layer
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Figure 1 : Structure of the Double Layer at an Electrode Surface
factors that aid in bringing the analyte closer to the electrode surface, will enable the
electron transfer reaction to occur more easily, resulting in an underpotential. The rate
of transport to and from the electrode surface will be taken into account when the
electrode is placed in a flowing stream. The enzyme will be immobilized within the
sensor, and under stopped flow conditions, the reaction will be diffusion controlled.
This will be discussed in more detail in a later section.
Also, double layer charging can contribute to the background noise level.
However, because capacitance current decreases exponentially, the contribution
should be minimum, for our case, unless near the potential limits of the solvent system.
Cyclic and differential pulse voltammetry are two electrochemical techniques
used to evaluate the performance of an electrode under static conditions. A repetitive
triangular potential excitation signal for cyclic voltammetry (cv) causes the potential of
the working electrodes to sweep back and forth between designated values or
28
switching potentials. The potential excitation signal that is applied across the
electrode-solution is illustrated in the potential-time profiles in Figure 2. A positive
potential scan is performed from +0.25V to +0.75V and then the direction of the scan
is reversed at a switching potential +0.75V The negative potential scan from +0.75V
to +0.25V is then performed. The first scan can be terminated, or as illustrated by the
dotted line, a second scan can be continued.
To obtain a cyclic voltammogram, the current at the working electrode is
measured during the potential scan. (Figure 3) During the positive scan, the applied
potential can cause oxidation of the analyte. The oxidation is accompanied by anodic
current, which increases rapidly until the surface concentration approaches zero, as
28
seen by peaking of the current. The current decays as the solution is depleted of the
analyte in the reduced form. As the scan is reversed, or switched, a similar current
10
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Figure 2: Typical Potential-Time Excitation Signal for Cyclic Voltammetry
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peak represents the reduction of the analyte. This cycle can be repeated as the
forward scan produces the oxidized form of the analyte which is reduced during the
reverse scan.
Differential pulse voltammetry (dpv) also encompasses the application of
potential and measurement of the resultant current. However, the different excitation
signal of dpv produces a different voltammogram. The excitation signal is illustrated
by the waveform shown in Figure 4 which may be thought of as the sum of a staircase
28
(step height AES) with a pulse train. Just prior to the application of a small-
amplitude pulse a current sample is taken at Si, and a second sample is taken at the end
of the pulse at s2. The difference in the current samples is plotted against potential and
produces the resultant voltammogram. (Figure 5)
1.3 Flow Injection Analysis
Flow injection analysis (FIA) exploits chemical reactions to transform analytes
into species that can be selectively quantified by a detector. The technique involves
31injection of a small sample volume, typically 40-200 uL, into a carrier stream that
transports the sample zone towards a detector. Several cells originally designed for
liquid chromatography electrochemical systems (LCEC) are employed for FIA, with
15 32
thin layer and wall jet being most prevalent. ' (Figure 6) The advantage of FIA is
that a signal can be attained instantaneously because of the rapid response time which
results in the possibility ofhigh sample throughput.
One third of the detectors used in FIA are electrochemical. ' The
electrochemical detector involves chemical transformation at the electrode surface.
More specifically, the transfer of electrons can be followed amperometrically or
coloumbically. The response is dependent on how many molecules or ions strike the
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MFigure 5: Resultant Voltammogram for Differential Pulse Voltammetry
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electrode
"surface"
per unit time, and the proportion of these which release or gain
33
electrons in the process.
As the solute band passes over the electrode surface, the molecules
immediately adjacent to the surface undergo redox reaction. The current that results
from the exchange of electrons is monitored as a function of time. Since the rate of
material conversion by the electrochemical reaction is proportional to the
instantaneous concentration, the current is directly related to the amount of compound
eluted.
The peak, or current response, can be altered by variations of several
28
experimental parameters, as seen from the following equation:
i =1.467 n FAC0 (D0 / h
f3
(Uv /
d)1/3
where n is the number of electrons transferred; F, the Faraday constant; A the surface
area of the electrode; C0, the concentration of the analyte; D0, the diffusion coefficient
of the analyte; h, the thickness of the channel; Uv, the volume flow rate; and d, the
width of the channel.
The most significant characteristic of FIA is the concentration gradient caused
by the sample dispersion, or laminar flow, in the carrier stream. (Figure 7) This
concentration gradient produces chromatograph-like peaks. As the sample is injected
into the non-reactive carrier stream, the sample
"plug" is pushed through the tubing
and passes over the electrode.
The injected sample will be distributed inside the manifold in a reproducible
manner, either expanded or diluted in the flowing stream. As the sample travels,
dispersion occurs. The center zone of the sample plug moves faster than the edges of
the zone against the wall of the tubing. Axial dispersion occurs as the wall drags the
molecules at the edge of the plug. Molecules pushed against the tubing walls also can
17
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Figure 7 Sample dispersion in FIA
move back towards the center of the zone causing radial dispersion. Since the
concentration is greater at the center and the front of the zone, the FIA peak quickly
rises to a maximum as it passes over the detector. The tailing section of the zone then
creates a slowly decreasing backside of the peak to the baseline. The overall result of
these effects is a skewed chromatograph-like peak.
An increase in flow rate results in a decrease of reaction time and hence a
decrease in the current response. If the chemical reaction of the system is not at
equilibrium, the time available for the reaction to proceed towards equilibrium is
reduced. There are several ways to minimize sample dispersion. Shorter tube
lengths, small diameter and coiled tubes all decrease the sample zone, or peak
broadening. Decrease in flow rate and larger diffusion also alleviate dispersion of the
sample plug. The technique of stopping flow can reduce dispersion while increasing
the sensitivity of measurements by allowing time for reactions to go further towards
completion without dilution of the sample zone.
1.4 Glucose Oxidase Systems
Several enzymes, including glucose oxidase, galactose oxidase, cytochrome c
7-9
peroxidase, and horseradish peroxidase, have been employed in amperometric
enzyme electrodes. Glucose oxidase is often studied because of its clinical significance.
Glucose consumption is an indication of cellular metabolic activity. Glucose is also
known to be essential for growth of different cells and has been shown experimentally
to be a precursor for the synthesis of nonessential amino acids, carbohydrates, and
lipids of the cell. An example of a glucose electrode is one that monitors the following
scheme, where glucose oxidase (GO) catalyzes the reaction:
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GOox + glucose + FAD " gluconolactone + FADH2 (Reaction 1)
FADH2 + 02 - FAD + H202 + GOred (Reaction 2)
Glucose levels can be monitored by any of the above side products, or through
a mediator. Classification of enzyme electrodes may be based on how the enzyme
activity is monitored.
Glucose oxidase does contain a redox group, flavin adenine dinucleotide or
FAD, that undergoes an electron transfer reaction as the enzyme catalyzes the glucose
reaction. (Reaction 1) But, like many other enzymes, the redox center is contained
within a coat of protein which prevents efficient electron transfer to typical electrodes.
Since the redox center is buried deep in the macromolecule, the electrons fail to
overcome the distance between the core of the enzyme and the surface of the electrode
and no electron transfer can be measured. For this reason, other species of the
biological system need to be monitored. A first generation electrode is one which is
directly sensitive to product or reactant redox potentials. In the example of glucose,
this would be hydrogen peroxide formation or the consumption of oxygen. (Reaction
2) It was found that first generation electrodes possess a low dynamic range and are
susceptible to oxygen variation. They are also sensitive to interferences because the
potential at which they operate is a potential where other species present in blood
samples contribute to the current response.
A second generation electrode contains a synthetic electron mediator. This
mediator shuttles electrons in place of oxygen between the active site of the enzyme
and the electrode. The current resulting from the reoxidation of the mediator
determines glucose concentration. (Reaction 3, 4) The key benefit of this electrode is
that it possesses an independence from oxygen concentration. Also, if chosen
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correctly the operating potential is such that a smaller percentage of electroactive
species contribute to the current response. If a mediator is chosen to monitor the
glucose reaction, an amperometric system is necessary to restore the mediator back to
its proper oxidation state. Examples of successful mediators include ferrocenes,
phenoxazine, tetracyanoquinodimethane, and quinones. For the amperometric glucose
detector designed, an osmium complex has been chosen as the mediator, based on its
*u 32,35-38
success in other sensors.
The reduced form of the enzyme reacts with the oxidized form of the mediator
to regenerate the enzyme to its oxidized state. (Reaction 3) In this homogeneous
reaction, the mediator is an osmium (III) complex.
GOred + 20s(III) - 20s(II) + G00X (Reaction 3)
The oxidized form of the mediator is regenerated during the following heterogeneous
reaction.
20s(II) -* 20s(III) +
2e"
(Reaction 4)
In reaction (4) a resultant current is measured to monitor the overall process. Then
through reaction stoichiometry, the glucose concentration can be determined. Both
the oxidized form of the enzyme, GO, and the mediator, are regenerated so the
"catalytic"
process can continue as long as glucose is present.
It has been found that sensors based on electron shuttling redox couples suffer
from the drawback of the mediating species diffusing away from the electrode surface
17 35-37
into the bulk solution. ' Therefore, the mediator is often immobilized within a
polymer matrix to minimize these diffusional effects. Immobilization of the mediator
can be accomplished by several techniques including: attachment to the enzyme; cross
linking ofpolymers; co-deposition with a polymer.
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Heller has described an electron transfer relay system where the mediating
species, ruthenium pentaamine or ferrocene derivatives, were covalently bound to the
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enzyme itself. However, the chemical modification caused a considerable decrease
in enzyme activity. Heller more recently has developed a two component redox epoxy
resin using poly (ethylene glycol) diglycidyl ether as a cross linker for an osmium
containing redox polymer with a poly (vinylpyridine) backbone. The films of the
epoxy resins strongly bind to several types of electrode surfaces, and have been shown
to remain highly permeable to solution species, with detection limits of ImM to 40mM
for glucose.
Electrical communication between the FAD center of GO and a carbon paste
electrode has also been achieved using a relay system based on polysiloxanes.
Ferrocene and dimethylferrocene electron relays were covalently attached to the
insoluble polysiloxane polymers. The system responded rapidly to glucose with steady
state obtained in less than ten seconds, when glucose concentrations ranged from
2mMto0.02M.36
A co-deposition of glucose oxidase with a redox polymer, osmium poly-4-
37
vinylpyridine, and gluteraldehyde on a platinum electrode has also been attempted.
This was subsequently covered with an electropolymerized layer of pyrrole, also
containing the enzyme. The electrode responded to a linear range of glucose
37
concentrations of 1 to 50mM. Sensitivity was observed to decrease within the first
day ofuse.
Another form of "relay systems"which allows direct electron transfer from the
enzyme's active site to the electrode surface are third generation electrodes. The
materials, or salts, are comprised of two planar molecules with extended electron
systems formed into segregated stacks. The overlap of pi orbitals leads to a
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derealization of charge through the stacks, giving rise to electrical conductivity.
This electrode does prove useful but is less stable and does not monitor as wide of a
range ofglucose concentrations as the second generation electrode.
A common problem for any system, regardless of the method ofmonitoring the
reaction, is passivation of the electrode surface because of interferents, such as
endogenous glucose and ascorbic acid, both ofwhich may adsorb to the surface of the
electrode. To minimize the effect of the interferents, polymeric coatings have been
applied to the electrode surface. These coatings include polysiloxane, polyurethane,
cellulose acetate, polyester sulfonic acids, and perfluorosulfonate ionomers.
"
'
For example, Gunasingham applied a coating of cellulose acetate on a platinum
working electrode and monitored hydrogen peroxide formation in a glucose oxidase
system. The coating proved to be more selective than a bare electrode. However,
with extended use of the electrode, the membrane eventually lost sensitivity. The
membrane was modified to improve adhesion by increasing its hydrophobic nature.
This was accomplished by acylation of hydroxyl groups. After coating with the
modified layer, the whole electrode was recoated with an unmodified layer of polymer.
The hydrophobic layer improved adhesion to the platinum surface, while the
unmodified layer provided selectivity against interferents. The resultant current
response, however, was less than 0.1 u.A, leading to the use of other polymer materials
to coat electrodes.
Polyester sulfonic acid, AQ-55, was applied to a platinum working electrode
that also monitored hydrogen peroxide formation. This simple, one step procedure
for biosensor construction eliminated the need for multilayer coatings used by
Gunasingham. The polymer was mixed with the glucose oxidase, deposited onto the
electrode surface and dried with a heat gun. The modified electrode exhibited a rapid
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and sensitive response to glucose, with a detection limit of 3 x
10"
M, indicating
facile transport of the substrate towards enzymatic sites. The minimization of
membrane barriers and the close proximity of the biocatalytic and sensing sites
produced short response times, with steady state reached in 15-20 seconds. Though
the entrapment allowed permselectivity and antipassivateing, the enzyme was found to
leak out of the polymer matrix, as well as be slightly pH dependent. It was necessary
to investigate other means to immobilize the enzyme with the polymer such that no
enzyme leached out of the polymeric matrix.
A third polymer coated system to immobilize the enzyme and protect the
electrode surface was a glassy carbon electrode dipped in a benzene solution of lipid-
modified glucose oxidase and then coated with a layer ofNafion. The water-insoluble,
modified enzyme was immobilized on the electrode surface with a strongly adhering,
thin polymer coating. Response time was shown to be less than two seconds, and a
18
linear response to glucose concentrations was observed from 0.2uM to 3mM. The
electrode was monitoring hydrogen peroxide and was operating at a potential at which
interfering species could contribute to the current response. Nafion was shown to
effectively suppress the current contribution of ascorbic acid, and other adsorbing
18
species. It was also shown that glucose could diffuse quickly through the Nafion
layer.
Another technique to immobilize the GO within the polyester sulfonic acid
matrix is through a linking polymer. Gorton describes a carbon paste electrode that
was modified with a ferrocene containing siloxane polymer and subsequently coated
with the Eastman AQ polymer. The polyester sulfonic coating was shown not to be
detrimental to enzymatic activity, while preventing active anionic interferents from
adsorbing to the electrode surface. The AQ coating also prevented the GO from
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diffusing out of the carbon paste into solution. The coated electrode did not exhibit
any decrease in current response to glucose and increased its linear range to 20mM.
Another technique to immobilize GO utilizing the Eastman AQ polymers has
been described by Belanger. The enzyme was mixed with a blend of amorphous
polyester ion exchange membranes, AQ 29 and AQ 55. The resulting polymer-enzyme
layer was covered with a thin layer of Nafion to avoid its subsequent dissolution in
water. Nafion was not used directly to immobilize the enzyme because it had to be
cast from an alcohol water solution which is detrimental to enzymatic activity. Good
amperometric responses were obtained, with glucose concentrations ranging from
ImM to 50mM, and steady state achieved within 12-40 seconds.
1.5 Project Description
The Nafion polymer consists of a hydrophobic fluorocarbon backbone with
hydrophilic perfluorinated ether side chains terminated by sulfonic acid groups as seen
in Figure 8. The ionomer is a perfluorinated ion exchange matrix that discriminates
against anions while the negatively charged sulfonic groups preconcentrate cations and
neutral species. The polymer film is suitable for use in aqueous systems, such as those
with GO, as it is non-water soluble, commercially available, and well characterized.
Problems such as passivation of an electrode surface and interferents can be eliminated
15 18
with use ofNafion in enzyme electrodes, as has been seen in previous work.
'
For this project, Nafion is used to protect against interfering ions and act as the
actual electrode after platinization, unlike most systems where a metal surface is the
actual electrode and is simply coated with the polymer for protection purposes. The
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Figure 8: Structure ofNafion
26
technique to prepare the platinized membrane electrode, impregnation-reduction,
allows for the incorporation of platinum into a Nafion film, through interactions with
the sulfonic acid sites. The result is an ionic membrane with conducting properties.
The polymer is also used to immobilize the enzyme GO and the appropriate redox
mediator. The electrode would be placed within a flow system to monitor glucose
concentrations through a mediated response.
The impregnation-reduction technique to prepare the electrode includes
manipulating the ion exchange behavior of the polymer to incorporate platinum ions
into the matrix. First, the film will be immersed in a sodium solution to incorporate
the sodium ion. Then, when placed in a platinum solution, the sodium ions will
exchange with the platinum ions. The platinum ions can be reduced to the metallic
state when immersed in a sodium borohydride solution. Only the surface of the film is
reduced. The borohydride anion utilized for reduction of the platinum (II) ions does
not efficiently penetrate the membrane so reduction occurs near or at the surface of the
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Nafion film. The depth of platinization can be controlled by stoichiometry and time
of immersion in solutions. The result is a Nafion membrane with a platinum "metal"
surface that is electronically and ionically conductive.
Unplatinized Nafion has been found to remain permeable to analytes, such as
glucose.
' Redox mediators impregnated within an unplatinized Nafion film have
been shown to not leach out of the polymer matrix under hydrodynamic conditions.
As will be noted, the platinized polymer retains similar properties of the unplatinized
form of the ionomer, and remains permeable to glucose and the redox mediator.
The platinized Nafion electrode would be used in a flow system to monitor the
glucose oxidase reaction through a mediated response, utilizing the osmium complex,
27
as described earlier. The flow design will be based on systems, where stopped flow
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analysis eliminated difficulties commonly seen with flow cells.
The design of the flow system is such that the measured response corresponds
to reaction of all substrate, glucose, in a fixed volume of solution. The result is an
equilibrium based measurement, with advantages such as extended linear ranges and a
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decrease in dependencies such as temperature, activators, or inhibitors. Many prior
applications of enzyme electrodes involved large volumes of analyte solution and small
electrode surfaces that the time necessary for reaction of all the substrate would be
very long. Accordingly, it was very time consuming to make equilibrium based
measurements.
The goal is to design a sensor that would respond very quickly to the total
amount of substrate in a fixed amount of solution. It is necessary to design the system
then so that all of the substrate near the sensor could reach the surface of the electrode
32in a short period of time. Previously, a thin layer electrode has been used, and in our
system a thin membrane of platinized Nafion will be the sensing electrode to decrease
the time necessary for the substrate to diffuse to the sensor.
With the desired potential applied across the sensing electrode, the sample
solution containing glucose will flow through the cell until a steady state current is
reached. Figure 9 is a representation of an expected current versus time response.
The rising current on the left represents the flow going through the cell, continuing
until steady state is obtained. The decreasing current on the right side of the plot
represents the current after flow is stopped and corresponds to the depletion of
12
glucose in the layer of solution adjacent to the electrode.
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Figure 9: Idealized Current Response Curve for Stop Flow Analysis
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Quantification of glucose concentrations can be determined from the current
versus time response. Charge is proportional to concentration as seen in the following
equation:
Qt=k0Cbt + k2Cb(l-e-k3t)
where Qt is the current at time t; Cb , the bulk concentration of glucose; ko, k2, and k3
are the rate constants manipulated from the glucose reaction taking into account
Michaelis/Menten conditions. Charge can be measured as a function of area in two
ways. Either the area under the curve while sample is flowing, or the area from the
time steady state is achieved until the current decays to zero can be measured. The
area obtained from either method can be used to determine glucose concentrations.
If the only substrate reaching the surface of the sensing electrode is that
diffusing from the thin layer adjacent to the electrode, then the current should be
controlled only by the rate of the chemical reaction. The current should decay toward
zero when all of the substrate in that thin layer is depleted. Also, the area under the
current versus time plot, Figure 5, should represent the electrical charge which would
be proportional to the total amount of glucose in the fixed amount of solution.
Because electrical charge is proportional to the amount of glucose reacting, it should
32
vary linearly with glucose concentration over a wide range.
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Two serious limitations were observed within this system. A longer time
than anticipated was required to achieve steady state. Also, the system was
surrounded by a large volume of sample from which glucose could diffuse after the
sensor region was depleted. It is believed that the platinized Nafion electrode would
eliminate the problems seen in the previous work. The platinized electrode would
have a larger surface area then the sensor previously utilized. This should decrease the
time necessary to reach steady state conditions, as well as any diffusion problems
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encountered. The material used for electrode construction, the perfluorinated ionomer
matrix, should also help to reduce any problems encountered with reaching steady
state. The Nafion membrane has been shown to preconcentrate ions of interest. As
the ions diffuse, or partition into the membrane, the time necessary to reach steady
state should decrease. The electrode should show a rapid response. Contributions to
the current response from interfering ions should also be eliminated as the Nafion has
been shown to discriminate against anions commonly found in glucose samples, such
as ascorbic acid, acetaminophen , and uric acid.
The overall goal of the project, to develop a glucose sensor for use in stopped
flow analysis, can be summarized in six distinct steps: (1) optimizing conditions for,
and the technique associated with electrode construction; (2) testing electrochemical
response of these electrodes; (3) selecting the appropriate buffer for use with electrode
design and glucose oxidase; (4) selecting and preparing an appropriate redox mediator;
(5) incorporating glucose oxidase into electrode configuration; (6) evaluating
electrochemical response of electrode with enzyme and mediator under flow and stop
flow conditions.
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2.0 Experimental
2. 1 Preparation ofPlatinized-Impregnated Membrane (PIM) Electrodes
From an 8" x 10" free standing
0.007"
thick film of Nafion 117 (Aldrich
Chemical Co.) sections, 20mm by 5mm, in size were cut. These sections of the
polymeric film were immersed in lOmL of 0.1M sodium perchlorate (Aldrich Chemical
Co.) solution for two hours to completely convert the ionomer to the sodium form.
Then the film was dried in vacuo for one hour at 79-82 C in a VWR 1410 vacuum
oven. After drying, platinum (II) ions were incorporated into the films by immersing
the cut membrane in lOmL of 4mM tetraamine platinum (II) chloride (Aldrich
Chemical Co.) solution for one hour. The platinum ions within the film were then
reduced by immersion of the platinum (II) film in lOmL of a 0.1M sodium borohydride
(Aldrich Chemical Co.) solution (3:1 ultrapure water/methanol (Baker, absolute)
solvent system) for up to one hour. Any unreduced platinum ions were removed
when the film was immersed in lOmL of 0.3M perchloric acid (Baker Analyzed) for
one hour. All electrodes had one third of the membrane re-immersed in the platinum
(II), sodium borohydride and perchloric acid solutions for an hour after the initial
platinization to produce a continuous platinum surface area for contact to the
potentiostat.
A second method to prepare PIM electrodes consisted of placing a cut section
ofNafion 1 17 film, 20mm by 5mm in size, in boiling ultrapure water (18MH) for two
hours prior to the platinization process. Boiling unplatinized Nafion has been shown
to decrease its resistance. Therefore, the sections of Nafion were boiled to
determine if the resistance in platinized membranes changed.
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Gravimetric analysis was used to determine the amount of platinum
incorporated into the film. All measured weights were done on a Sartorius M3P
microbalance and were accurate within +/- 3 X 10"5g.
All water used in solution preparation was ultrapure (18MQ) from a Barnstead
Nanopure system. Unless otherwise stated, all chemicals were used as received,
without further purification.
2.2 Electrochemical Characterization ofPIM Electrodes under Static Conditions
The experimental conditions for the electrochemical characterization of the
PIM electrodes under static conditions were as follows. A three electrode system was
employed, with a silver wire reference, a platinum wire auxiliary electrode and a PIM
working electrode. Measurements were made with either an EG&G PAR Model
264A polarograph analyzer/stripping voltammeter, or an EG&G PAR Model 273
potentionstat/galvanostat. Results were recorded on either an EG&G PAR Model RE
0074 x-y recorder or a Hewlett Packard 7015B x-y recorder with time base.
All solutions used with the PIM electrodes were degassed for twenty minutes
prior to use. Table I lists the combination of analytes, electrolytes and solvents
evaluated with the PIM electrodes. In a typical electrochemical experiment, the PIM
electrode was partially immersed, approximately 0.5 cm , in the analyte solution. The
size and shape of peaks generated from cyclic and differential pulse voltammetry, as
well as observed reduction potentials were recorded. To determine if the analyte was
retained within the membrane, an electrode would be removed from the analyte
solution and then immersed in a pure electrolyte solution, under identical conditions.
Chemicals analyzed with the PIM electrodes included dimethylaminomethyl
ferrocene (DMAMF), ferrocene,
tris-(2,2' bipyridyl) ruthenium (II) chloride
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hexahydrate (Ru(bpy)3
+ +), hexaamine ruthenium (III) chloride (Ru(NH3)6
+ +), cis-
bis(2,2'-bipyridine-N,N') dichloroosmium (III) chloride dihydride (Os(bpy)33+/2+), and
glucose. Electrolytes utilized included sodium perchlorate and tetrabutyl ammonium
hexafluorophosphate (TBAHFP), which was recrystallized twice in ethanol.
Table I: Static Experiments Performed with the PIM Electrodes
Analyte
DMAMF
ferrocene
ferrocene
Ru(bpy)3
Os(bpy);
2+/3+
3+/2+ e
3+/2+f
Electrolyte Solvent
NaC104
NaC104
ACNb
TBAHFP
ACNb
NaC104
ACNb
phosphate buffer
phosphate buffer
phosphate bufferRu(NH3)6
All chemicals supplied from Aldrich Chemical Co., unless noted
Ultrapure water (18 MD)
Burdick and Jackson
c
Sigma
preparation listed in section 2.5
preparation listed in section 2.4
Strem Chemicals
2.3 Preparation of Standard Electrodes
A Buehler Ecomet Two Speed Grinder-Polisher and Buehler micropolish (1.0,
0.3, 0.05 micron alumina) were utilized to clean and polish any solid disc or block
electrodes. A 1mm platinum disc electrode (Bioanalytical Systems Model 2012) was
used in all experiments to verify peak position and purity of samples, as well as test the
backgrounds of the solvents. A Reica StereoZoom 5 microscope was utilized after
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polishing to ensure no scratches were present on the electrode surface to a
magnification of400x.
2.4 Preparation of Cis-bis(2.2'-bipyridine-NN'dichloroosmium (HI) chloride)
dihydride
Cis-bis(2,2'-bipyridine-N,N' dichloroosmium (III) chloride) dihydride
(Os(bpy)3 ) was prepared as per literature procedure. In a lOOmL round bottom
flask, 2mmoles of potassium hexachlorosmate (IV), (Aldrich Chemical Co.) and 4
mmoles of 2,2'-dipyridyl, (Aldrich Chemical Co.) were suspended in 30 mL of
dimethylformamide (Aldrich Chemical Co.). The mixture was allowed to reflux for
one hour while stirring. After cooling to room temperature, the solution was vacuum
filtered. To the filtrate, 20mL of 100% ethanol (AAPER Alcohol and Chemical Co.)
was added. While the solution was stirring rapidly, 400 mL of ether (Baker Analyzed)
was added. The solution was again vacuum filtered and the resultant crystals washed
twice with ether, and dried in vacuo overnight.
2.5 Solution Casting ofNafion on Electrode Surfaces
All solution casting ofNafion involved 20uL, 50uL, or 76uL of either a 1% or
5% wt/wt Nafion solution (Aldrich Chemical Co.) and a dry, polished platinum or
carbon electrode. The set volume of the Nafion solution as stated above, was placed
on the surface of the electrode and the solution was then allowed to air dry for one
hour. After the solvent evaporated, a continuous 2 micron to 3 micron thick film
covering the electrode surface would remain. A Reica StereoZoom 5 microscope
was utilized, magnification of 400x, after casting and drying to ensure a continuous
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layer was formed. This procedure for casting was followed for all the listed
experiments unless otherwise noted.
Static electrochemical experiments were performed with the solution cast
electrodes, under similar conditions as previously stated, with one exception. A buffer
was utilized as the solvent system. A 20 mM phosphate buffer of pH 6.5, consisting of
potassium phosphate dibasic (Baker Analyzed, reagent grade), potassium phosphate
monobasic (Baker Analyzed, reagent grade), and 0. 1M in sodium chloride (Baker) was
prepared. Chemicals analyzed with electrodes with solution cast layers of Nafion
included hexaamine ruthenium (III) chloride (Strem Chemicals) and cis-bis(2,2'-
bipyridine-N,N' dichloroosmium (III) chloride) dihydride (Os(bpy)3
+ +).
Platinum powder (Aldrich Chemical Co.) was dried in vacuo, (98-
102
C), for
one hour. The oven was then back filled with nitrogen. The dried powder was
dispersed in a 5% Nafion solution. 50uL of this mixture was then solution cast upon a
polished block electrode (Bioanalytical Systems Models 1000, 1012, 1020). Once, the
resultant film was dried, the surface of the block was immersed in a solution 16uM in
glucose oxidase (Sigma) and ImM in Os(bpy)3
+ +
for 48 hours at 5C.
Amperometric detection was performed when the block was immersed in the 20mM
phosphate buffer solution and 20uL of 1M glucose (Sigma) was injected.
A solution cast mixture of dried platinum powder, 5% Nafion, 16uM GO and
ImM Os(bpy)3
+ +
was prepared and cast upon a polished carbon microdisc electrode
(Bioanalytical Systems Model 2013). Varying amounts a 1M glucose solution were
injected into the 20mM phosphate buffer solution and GO activity was monitored as
the current response changed with time.
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2.6 Thermally Cast Films ofNafion
A solution comprised of 3mL of 4mM tetraamine platinum (II) chloride and 9
mL of 5% wt/wt Nafion solution (Aldrich Chemical Co.) was prepared. The solution
mixture was deposited into a "boat" constructed from Bytac type AF-21 (Al 069329
aluminum-foil supported FEP film). The mixture was then dried at
65u-70 C (Oven
Model SW-17TA) for 12 hours. The resultant films were then reduced through
immersion with the sodium borohydride and perchloric acid solutions.
Cast films prepared as desribed above, were redissolved through sonication in
a small amount of 100% ethanol (AAPER Alcohol and Chemical Co.). 50uL of the
new solution was then recast upon a BAS block electrode surface and allowed to air
dry for one hour. Background scans were performed utilizing the 20mM phosphate
buffer.
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3.0 Results and Discussion
As stated earlier, six distinct steps were required in the development of a PIM
glucose electrochemical flow sensor: (1) optimization of the design and conditions
necessary for electrode construction; (2) testing the electrochemical response of the
resultant electrode systems; (3) selection of an appropriate buffer system for use with
glucose oxidase and the PIM electrode; (4) selection and preparation of a redox
mediator that monitors glucose oxidase activity; (5) incorporation of glucose oxidase
and redox mediator into final PIM electrode configuration; (6) evaluation of the
electrochemical response of electrode with enzyme and mediator under both static and
flow conditions.
3.1 PIM Electrode Construction
The first step was the preparation of the platinized-impregnated membrane
(PIM) electrode where platinum was incorporated into the Nafion film matrix. The
sections ofNafion were cut to size and immersed in sodium perchlorate. After the film
was converted to the sodium form to insure ionic consistency, the film was immersed
in a solution of tetraamine platinum (II) chloride. This ensured the exchange of
platinum (II) for sodium cations in the membrane. The film, with platinum (II)
incorporated into its matrix, was placed in a solution of sodium borohydride to reduce
the platinum (II) to platinum (0). This produced platinum (0) within the Nafion
membrane. At this point, the platinum (0) is no longer bound to the sulfonic acid sites,
but rather sodium is bound to the acid. A final exposure of the platinum (0) film to a
perchloric acid solution insured the removal of any remaining unreduced platinum ions
and converted the Nafion to the hydrogen form. The degree of platinization, or depth
of the platinum (0) layer into the polymer, is dependent upon the exposure times to the
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reduction solution. Longer immersion times in the reducing solution allow for more of
the platinum (II) to be reduced to platinum (0), resulting in a greater degree of
platinization. Typically, the depth ofplatinization is 5-10
The range of platinization, determined gravimetrically, of the PIM electrodes
was found to be from 25.7% to 78% w/w for the same exposure times to solutions.
Hence, there appears to be a lack of reproducibility in the uptake of platinum (II) into
the membrane. The reason for such a large range of values can be found if the
structure of the polymer is examined. Nafion is a non-amorphous polymer, consisting
of sulfonic acid sites which are not necessarily homogeneously distributed throughout
the membrane. When the sheet ofNafion utilized in PIM construction is cut to size,
each small section of film could contain varying amounts of sulfonation. Therefore,
each section would incorporate various amounts of platinum and this could explain the
large range of platinization. Other variables that could affect platinization are
variations in the concentrations and "age" of solutions utilized in the process.
One is not able to visually detect the regions of the sulfonic pendant group
prior to the platinization process. It is only after the metal incorporation, that the
varying degrees of platinization is noticeable from the difference in the luster and color
of the platinized film. Parts of the PIM electrodes produced appear black in color,
while other sections of the electrodes appear either shiny or dull grey. Short
immersion times result in a shiny black membrane, and longer exposure times to the
reducing solution results in the shiny, dark grey film. It seems then the reduction of
platinum within the membrane undergoes a color change from black to dull grey to
shiny grey as platinization increases. The degree of platinization correlates well with
the appearance of the films as platinization percentages range from 25%-33% when
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the resultant PIM is shiny black, 38%-44% when it is dull grey in color, and 55% and
up when the film is shiny, dark grey.
The first set of PIM electrodes had high resistance and connection difficulties.
To improve the connection, one end of the membrane was re-platinized for one hour.
This produced an apparent continuous platinum surface to a magnification of up to
400x, that alleviated the connection resistance problems. Also, attempts at using
elevated temperature in preparing the PIM electrodes was examined. It is known that
after boiling non-platinized Nafion film, resistance decreases. Therefore, cut sections
ofNafion were immersed in boiling water for two hours prior to platinization. The
resultant PIM electrodes did exhibit an observable decrease in resistance and generated
better background scans as determined by the shape of the resultant electrochemical
scans.
PIM electrodes produced were tested for conductivity with a voltammeter, as
well as their applicability to electrochemical analysis. All PIM electrodes were
evaluated electrochemically when background cyclic and differential pulse
voltammetry scans were performed. To further test the PIM electrodes produced,
electrochemical characterization was undertaken.
3.2 Characterization ofPIM Electrodes
Once constructed, the PIM electrodes were characterized in various solvents
with different electrolytes and analytes. Comparison cyclic and differential pulse
voltammetry experiments were performed with a standard platinum microdisc
electrode and the new PIM electrode. The standard platinum electrode was necessary
to check the purity of samples, peak potentials, and electrochemical behavior. Most
importantly, the scans generated with the standard electrode were compared to the
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information obtained with a PIM electrode to determine any differences or similarities
in the performance of the electrodes.
The PIM electrode was immersed, approximately 0.5cm , in the analyte
containing solution. Voltammetric experiments were performed at timed intervals of
ten minutes until a maximum sized peak was produced. Generally, the maximum sized
peaks occurred after thirty minutes of exposure to the analyte. Then the PIM was
immersed in an analyte free solution to determine if the analyte had been retained
within the membrane. Again, using timed intervals of 10 or 15 minutes, cyclic and
differential pulse voltammetry scans were performed to observe any differences in
observed potentials. All figures included within this section for the PIM experiments
are those at the maximum partitioning level and of the PIM immersed in the electrolyte
solutions for 30 minutes after exposure to the analyte. Observed potentials for the
differential pulse voltammetry experiments for the platinum and PIM electrodes are
listed in Table II. Potentials listed for the PIM electrode are those observed in a pure
electrolyte solution, after the PIM soaked in the analyte solution.
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TABLE II:
Observed Potentials ofDifferential Pulse Voltammetry Experiments performed testing
the PEM electrode
(Pt standard was uncoated)
Analvte Electrolyte Solvent Electrode
DMAMF0/+
NaC104 water Pt standard
DMAMF0/+
NaC104 water PIM
n 0/+
ferrocene NaC104 ACN Pt standard
ferrocene NaC104 ACN PIM
*oi(bpy)32+/3+
NaC104 ACN Pt standard
*u(bpy)32+/3+
NaC104 ACN PIM
c 0/+ferrocene TBAHFP ACN Pt standard
c 0/+ferrocene TBAHFP ACN PIM
r(V) (0.003)
0.271
0.163
0.221
0.194
1.211
1.063
0.394
0.238
One of the important parameters tested was the permeability of the PIM to
various analytes. Permeability of the membrane is crucial because glucose and the
redox mediator have to diffuse into and through the polymer matrix respectively.
Also, the redox mediator undergoes a change in oxidation state as it monitors the
enzyme activity. The change in oxidation state could affect the mediator's interactions
with the polymer. The affect of the change in oxidation state, if any, could be
examined by allowing the analyte in the following experiments to be either oxidized or
reduced, and observing if the Nafion retained the analyte after the electrochemical
reaction. Any observation of a current signal in a differential pulse experiment when
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the PIM was placed in the analyte free solution would be an indication of analyte
remaining in the membrane.
The first experiment involved the oxidation of ImM dimethylaminomethyl
ferrocene (DMAMF) in a 0.1M sodium perchlorate electrolyte solution. The potential
observed with the platinum electrode was 0.271V (Table II) A cathodic shift of
approximately lOOmV occurred when a PIM electrode was used, as the peak potential
of DMAMF was 0.163V. (Figures 10-12) As expected, a species immobilized in a
membrane will undergo oxidation more readily, as the distance between the molecule
and the electrode decreases; the mass transport of the species is not limiting, and the
electron transfer process can occur more readily. The closer the molecule is to the
electrode surface, the greater the potential it will experience, as potential decreases
with distance from the electrode surface. The result is that the size of the diffusion
layer is smaller, and an underpotential is observed.
A decrease in current is observed with the PIM electrode, compared to the
standard BAS platinum working electrode. The inherent resistance of the PIM is much
greater, while the diffusion rate is much slower, resulting in slower electron transfer
reactions. For example, the diffusion analyte in free solution is about
10"
cm /sec and
the diffusion in the membrane is around
10*
cm /sec. With the PIM then, the diffusion
is slower and current response is smaller than with a solid electrode. The combination
of resistance and diffusion result in a decrease in electron transfer efficiency, hence the
broader peaks.
After the PIM soaked in the DMAMF solution, the PIM was placed in pure
electrolyte, and scans were performed. (Figure 12) The presence of the peak and its
shift in potential indicate that the analyte is present within the polymer matrix. The
peak size is smaller than that of the PIM in the analyte solution because it does not
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Potential (V)
0.55V
Figure 10: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
DMAMF, in water, with a platinum working electrode, silver wire reference, and
platinum auxiliary. The potential range was 0.00V to 0.55V, with a scan rate of
lOmV/sec.
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0.70V
Figure 11: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
DMAMF, in water, with a PIM working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0.00V to 0.70V, with a scan rate of lOmV/sec.
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5mA
0.00V
Potential (V)
0.50V
Figure 12: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate in water, with
a PIM working electrode, silver wire reference, and
platinum auxiliary. The potential
range was 0.00V to 0.50V, with a scan rate of lOmV/sec.
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represent the total solution and membrane concentra;.jn of the analyte, but rather just
that analyte which has diffuse.' into ad remained within the membrane. This is an
indication that eves ;r at ge in oxidation state, the membrane will retain the
analyte. Figure 1 a positive indication that the membrane will function in a
mediated response system, by retaining the analyte after its redox reaction.
The next set of experiments involved testing the electrode in non-aqueous
aprotic solvent systems. The switch of solvent systems was necessary to measure the
current response of the PIM electrode at a greater potential range. Many ar ;dox
potentials occur outside of the potential window of water and require the . _>f the
non-aqueous solvents. For example, the potential window of acetonitrile, +2.0 to
-3.0V versus a SCE, is much broader than that ofwater, +1.5 to -1.5V versus SCE,
enabling a larger number of analytes to be tested.
An experiment was conducted with only a change in solvent, to ensure
compatibility of acetonitrile with the PIM electrode (Figures 13-16). An experiment
to detect ImM ferrocene in acetonitrile, with 0.1M sodium perchlorate electrolyte
solution, was performed to test permeability of the platinized Nafion in other solvents.
The observed potential of ferrocene with the platinum electrode was 0.221V. When
placed in a ferrocene free solution, after immersion in the ferrocene, the PIM electrode
again demonstrated retention of the analyte as a peak was observed at a potential of
0.194V (Table II) Again, this shift in potential indicates the ferrocene diffused into the
membrane, and the change in solvent did not have a marked effect on the diffusion. .
Next, an experiment was performed with tris-(2,2
'
-bipyridyl) ruthenium (II)
chloride, (Ru(bpy)32+/3+), as the analyte to test the behavior of the PIM elec rode at an
anodic limit of the potential window and to observe the PIM nse to a \lent
species. (Figures 17-19) The observed potential of
Ru(bpy)3~
,i the str
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Figure 13: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
ferrocene, in acetonitrile, with a platinum working electrode, silver wire reference, and
platinum auxiliary. The potential range was O.OOV to 0.50V, with a scan rate of
lOmV/sec.
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Figure 14: Cyclic Voltammetry of 0.1M Sodium Perchlorate, ImM ferrocene, in
acetonitrile, with a platinum working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0.00V to 1.00V, with a scan rate of 500mV/sec.
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Figure 15: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
ferrocene, in acetonitrile, with a PIM working electrode, silver wire reference, and
platinum auxiliary. The potential range was 0.00V to 0.70V, with a scan rate of
lOmV/sec.
50
1.00V
Figure 16: Cyclic Voltammetry of 0.1M Sodium Perchlorate, ImM ferrocene, in
acetonitrile, with a PIM working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0.00V to 1.00V, with a scan rate of 500mV/sec.
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1.60V
Figure 17: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
Ru(bpy)32+/3+, in acetonitrile, with a PIM working electrode, silver wire reference, and
platinum auxiliary. The potential range was 0.80V to 1.60V, with a scan rate of
lOmV/sec.
52
070V 160V
Figure 18: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, ImM
Ru(bpy)3
+ +, in acetonitrile, with a platinum working electrode, silver wire reference,
and platinum auxiliary. The potential range was 0.70V to 1.60V, with a scan rate of
lOmV/sec.
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Potential (V)
Figure 19: Differential Pulse Voltammetry of 0.1M Sodium Perchlorate, in acetonitrile,
with a PIM working electrode, silver wire reference, and platinum auxiliary. The
potential range was 0.60V to 1.60V, with a scan rate of lOmV/sec.
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platinum microdisc electrode was at +1.2 IV. (Figure 18) With immersion of the PIM
in pure electrolyte solution after exposure to the Ru(bpy)32+/3+, the peak position at
1.063V does not change with time, indicating that the
Ru(bpy)32+/3+
stays in the
membrane. (Figure 19) From this potential shift it is concluded that the
Ru(bpy)32+/3+
partitions into the polymer matrix. These results indicate that the PIM electrode will
retain a polyvalent complex molecule over time, even with a change in oxidation state.
The ferrocene experiment was repeated in acetonitrile using 0.1M
tetrabutylammonium hexafluorophosphate, (TBAHFP), as the electrolyte. The
observed peak potential with the platinum microdisc electrode was 0.394V, while the
PIM peak potential was 0.238V (Figures 20-23, Table II) The observed potential
shifted negatively as expected, with the diffusion of the analyte into the membrane.
Upon immersion of the PIM electrode into ferrocene-free solution, the analyte diffused
out of the membrane over time. (Figure 24). So TBAHFP is not an electrolyte that
can be used in conjunction with the PIM in a mediated response system.
When comparing the differential pulse voltammetry scans produced with
sodium perchlorate as the electrolyte with those generated with TBAHFP, it is
observed that the electrolyte may play a role in the observed shift of potentials of the
PEM electrodes. The electrolyte may alter the rate of analyte diffusion into the Nafion
membrane by interacting with the sulfonic acid sites. That interaction is dependent on
the properties of the electrolyte. For example, the sodium salt is hydrophilic, and in a
hydrophobic environment, such as acetonitrile, the salt would remain in the matrix of
the polymer. High levels of salt in the polymer decreases the diffusion rate of the
analyte as maximum partitioning of ferrocene requires more than thirty minutes.
However, TBAHFP is not hydrophilic, so it does exhibit the same effects as the
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Figure 20: Differential Pulse Voltammetry of 0.1M TBAHFP, ImM ferrocene, in
acetonitrile, with a platinum working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0.00V to 1.00V, with a scan rate of lOmV/sec.
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Figure 21: Cyclic Voltammetry of 0.1M TBAHFP, ImM ferrocene, in acetonitrile,
with a platinum working electrode, silver wire reference, and platinum auxiliary.
Repetitive scans were performed when the potential range was 0.00V to 1.00V, with a
scan rate of 500mV/sec.
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Figure 22: Differential Pulse Voltammetry of 0.1M TBAHFP ImM ferrocene, in
acetonitrile, with a PIM working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0.00V to 0.90V, with a scan rate of lOmV/sec.
Figure 23: Cyclic Voltammetry of 0.1M TBAHFP, ImM ferrocene, in acetonitrile,
with a PIM working electrode, silver wire reference, and platinum auxiliary. Repetitive
scans were performed when the potential range was 0.00V to 1.00V, with a scan rate
of500mV/sec.
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Figure 24: Differential Pulse Voltammetry of 0.1M TBAHFP, in acetonitrile, with a
PIM working electrode, silver wire reference, and platinum auxiliary. The potential
range was 0.00V to 0.90V, with a scan rate of lOmV/sec. Scans were run at ten
minute intervals with a +10, b +20 and c +30 minutes.
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sodium salt. Partitioning of ferrocene in a TBAHFP solution reaches a maximum
after only twenty minutes.
The PIM electrodes have been shown to work well with a variety of analytes,
electrolytes and solvents. These experiments all indicate the usefulness of PIM
electrodes in the field of electrochemistry. Since the PIM electrodes were to be used
as a glucose detector, the next step is to test the electrodes in a buffer system with the
appropriate redox mediator.
Section 3.3 Selection ofBuffer System
An appropriate buffer system for the PIM glucose sensor is one in which
glucose is soluble, and one that possesses an electrochemical potential window where
the redox mediator can be detected. Initially, a 0.1M potassium phosphate buffer,
pH=7, was prepared. Difficulties occurred when interfering peaks appeared in
electrochemical background scans and background currents were too high to detect
the analyte. To correct for this problem new buffer salts were purchased,
recrystallization of the salts was performed, the buffer concentration was increased,
and additional degassing of the solutions occurred. None of these attempts alleviated
the problem of the interfering peaks. Therefore the conclusion is that the high
concentration of phosphate buffer was causing adsorption of the phosphate anion to
the electrode surface.
An alternate pH 6.5 buffer system consisting of 20mM sodium phosphate and
lOOmM sodium chloride was prepared. This solution maintains the buffering capacity
necessary for enzyme activity and the ionic strength needed for the electrochemical
experiments, while decreasing the effects of phosphate adsorption. Coated electrodes
were used to electrochemically characterize the solution. A platinum electrode was
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coated with 20uL of a 1% Nafion solution. A solution comprised of ImM hexaamine
ruthenium (ni) chloride, Ru(NH3)6 in the buffer was evaluated. The observed
potential of the coated electrode was -0.285V. (Figures 25, 26) Earlier studies of
Ru(NH3)6
+ +, in the 0.1M phosphate buffer, with an uncoated platinum electrode
yielded a potential of -0.351V. The potential of
Ru(NH3)63+/2+
in the 20mM buffer
solution with an uncoated platinum electrode was -0.235V. (Figures 27, 28). The
change in buffer composition, mainly the sodium chloride, may affect the stability of
the reference electrode. The silver wire reference was forming a silver/silver chloride
reference during the course of the experiments, altering observed potentials. All
experiments performed with the buffer should be re-evaluated with an isolated
reference to verify information obtained. The current response of the differential pulse
voltammogram of the coated electrode was larger than the bare electrode, illustrating
the idea that the
Ru(NH3)63+ 2+
preconcentrated into the membrane
Also, when the PEM was placed in the pure 20mM buffer solution after
immersion in Ru(NH3)6
+ +, it was evident that the analyte had been retained by the
membrane by the current levels of the differential pulse experiment. (Figure 29) The
peak indicates that approximately O.lmM of the Ru(NH3)6
+ +solution was still
present in the membrane after fifty minutes.
The buffer chosen possesses an electrochemical potential window in which the
redox mediator can be detected and match the potential of the enzyme. A Nafion
coated electrode has been shown to function effectively in the buffer system. These
experiments with the polyvalent complex ions also indicate that the combination of
PIM electrodes, buffer system and polyvalent complex should prove successful.
62
Potential (V)
Figure 25: Differential Pulse Voltammetry of ImM Ru(NH3)6
+
in 20mM phosphate
buffer lOOmM NaCl, with a coated platinum working electrode, silver wire reference,
and platinum auxiliary. The potential range was 0.00V to -0.60V, with a scan rate of
5mV/sec.
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Figure 26: Cyclic Voltammetry of ImM
Ru(NH3)63+/2+
in 20mM phosphate buffer
lOOmM NaCl, with a coated platinum working electrode, silver wire reference, and
platinum auxiliary. Repetitive scans were performed when the potential range was
0.00V to -0.60V, with a scan rate of 200mV/sec.
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Figure 27: Differential Pulse Voltammetry of ImM Ru(NH3)6 in 20mM phosphate
buffer lOOmM NaCl, with a platinum working electrode, silver wire reference, and
platinum auxiliary. The potential range was 0.00V to -0.60V, with a scan rate of
5mV/sec.
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Figure 28: C; He Voltammetry of ImM Ru(NH3)6 in 20mM phosphate buffer
lOOmM NaCl, with a platinum working electrode, silver wire reference, and platinum
auxiliary. Repetitive scans were performed when the potential range was 0.00V to
0.60V, with a scan rate of200mV/sec.
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Figure 29: Differential Pulse Voltammetry of 20mM phosphate buffer lOOmM NaCl,
with a coated platinum working electrode, silver wire reference, and platinum
auxiliary. The potential range was O.OOV to -0.60V, with a scan rate of 5mV/sec.
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3.4 Selection and Preparation ofRedox Mediator
Once the buffer system was chosen, an appropriate mediator needed to be
selected. As mentioned earlier it is necessary that the mediator for the glucose sensor
undergo a redox reaction at a potential where the GO would be restored to its original
form. When GO catalyzes the reaction of glucose, as seen in the following reactions,
the enzyme goes from an oxidized state to a reduced form.
G00X + glucose + FAD " gluconolactone + FADH2 (Reaction 1)
FADH2 + 02 ^ FAD + H202 + GOred (Reaction 2)
To catalyze the reaction, the enzyme must be converted back to its oxidized state. An
osmium complex can be used to restore the enzyme, as seen in the following reaction:
GOred + 20s(III) " 20s(II) + G00X (Reaction 3)
The oxidized form of the mediator is then regenerated during the following
heterogeneous reaction.
20s(II) -* 20s(III) + 2e (Reaction 4)
The resultant current, or charge, of Reaction 4 is measured at a potential of -0.1OV
versus a silver wire reference. From the response generated, glucose concentrations
can be determined stoichiometrically. In the design of the PIM system, it is essential
that the chosen mediator be able to diffuse and be retained within the Nafion matrix of
the PIM electrode.
Cis-bis(2,2'-bipyridine-N,N')dichloroosmium (III) chloride dihydride,
(0s(bpy)33+/2+), undergoes reduction at the required potential of -0.10V and has been
suitable as a mediator in other sensors. '
"
However,
Os(bpy)33+/2+
is
commercially unavailable and was prepared according to published procedures (see
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experimental section). Since
Os(bpy)33+/2+
is a large hydrophobic complex, similar to
Ru(bpy)3
+
, it should partition quickly and efficiently into the PIM system.
A differential pulse voltammetry experiment using a platinum electrode and
Os(bpy)33+/2+
in the 20mM buffer exhibits a reduction potential of -0.085V (Figures
30, 31) A coated platinum disc electrode was then prepared with 20u.L of a 1%
Nafion solution. The observed potential with the coated electrodes was -0.200V.
(Figures 32, 33) It was observed that Os(bpy)33+/2+partitioned into the film, as the
current response was three times greater than that of the bare electrode. When placed
in a pure buffer solution, the coated electrode still produced a current response at -
0.131V after thirty minutes, showing the Os(bpy)3
+ +
remained within the matrix.
(Figure 34) Also, to test the permeability of Os(bpy)3
+ +
into the membrane , a
section ofNafion 117 was immersed in an Os(bpy)3
+ +
solution for one hour. A
color change of the Nafion film, from colorless to an orange tint, was observed
indicating the incorporation of ions into the matrix.
A PIM electrode was also used in a differential pulse experiment to detect
0. ImM
Os(bpy)33+/2+
in 20mM phosphate buffer, with an observed potential of
- 0.205V. (Figure 35). This peak potential is similar to that with a coated electrode,
and exhibits a shift from that which was observed with the platinum microdisc. A peak
indicating the presence of
Os(bpy)33+/2+
was observed when the PIM was placed in an
analyte free solution after immersion in the first solution. The current response
indicates that approximately 0. ImM of Os(bpy)3
+ +
remained in the membrane. This
quantity of redox mediator is sufficient to monitor GO activity.
These experiments indicate that Os(bpy)3
+ +
readily diffuses into Nafion and
is retained after a change in oxidation state. The partitioning of
Os(bpy)33+/2+
into the
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Figure 30: Differential Pulse Voltammetry of ImM
Os(bpy)3J"r,ZT
in 20mM phosphate
buffer lOOmM NaCl, with a platinum working electrode, silver wire reference, and
platinum auxiliary. The potential range was 0.10V to -0.30V, with a scan rate of
5mV/sec.
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Figure 31: Cyclic Voltammetry of ImM
Os(bpy)3J"'x"
in 20mM phosphate buffer
lOOmM NaCl, with a platinum working electrode, silver wire reference, and platinum
auxiliary. Repetitive scans were performed when the potential range was 0.10V to
0.30V, with a scan rate of200mV/sec.
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Figure 32: Differential Pulse Voltammetry of ImM
Os(bpy)3J z"
in 20mM phosphate
buffer lOOmM NaCl, with a coated platinum working electrode, silver wire reference,
and platinum auxiliary. The potential range was 0.10V to -0.40V, with a scan rate of
5mV/sec.
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Figure 33: Cyclic Voltammetry of ImM
Os(bpy)3JTi"
in 20mM phosphate buffer
lOOmM NaCl, with a coated platinum working electrode, silver wire reference, and
platinum auxiliary. Repetitive scans were performed when the potential range was
0. 10V to -0.40V, with a scan rate of200mV/sec.
73
500uA
Potential (V)
1 1 1 1 1 1 1 1 1 1 1 u
Figure 34: Differential Pulse Voltammetry of 20mM phosphate buffer lOOmM NaCl,
with a coated platinum working electrode, silver wire reference, and platinum
auxiliary. The potential range was 0. 10V to -0.40V, with a scan rate of 5mV/sec.
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membrane and the potential at which it undergoes reduction indicate that the molecule
is a suitable mediator for the glucose oxidase reaction.
3.5 Incorporation ofGlucose Oxidase into System
Now that an appropriate buffer and mediator are identified, the actual
incorporation of the glucose oxidase into the PIM design is necessary to complete the
development of the sensor. It was desired to retain maximum enzymatic activity when
incorporating the glucose oxidase, GO, into the PIM electrodes. The largest obstacle
is that experimental conditions used in the platinization process, such as alcohol and
sodium borohydride, can denature GO. Therefore several different approaches were
taken to merge the enzyme with the electrode design.
An alternate method of reduction was attempted because the sodium
borohydride necessary for the reduction of the platinum ions to metal is detrimental to
enzyme activity. Electrochemical reduction of the Nafion film with incorporated
platinum (II) ions was attempted. Various current ranges were set up at the
appropriate voltage, but no significant reduction of the platinum (II) occurred. It
became evident that the homogeneous reduction of platinum occurred more rapidly
than the heterogeneous reduction as no change in the composition of the Nafion film
was observed with this process.
Another approach to incorporate the GO into the sensor included coating
electrodes with the enzyme, through a variation of solution casting. Solutions
comprised of the GO and Nafion were deposited and dried to form thin films on PIM
electrodes. All trials resulted in buckling of the platinized surface of the PIM upon
application of the GO-polymer solution. To decrease buckling, the PIM electrode was
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Figure 35: Differential Pulse Voltammetry of O.lmM Os(bpy)33+/2+ in 20mM
phosphate buffer lOOmM NaCl, with a PIM working electrode, silver wire reference,
and platinum auxiliary. The potential range was 0.10V to -0.50V, with a scan rate of
5mV/sec.
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adhered to a surface prior to the casting of the GO-Nafion mixture. A PIM electrode
was attached to a glass coverslip with 15u.L of a 1% Nafion solution. However, the
PIM was dislodged from the glass surface upon immersion in buffer solution. So
attempts were made to immobilize the PIM electrode to a dual carbon-carbon block
electrode using 5% Nafion solution. Again, the platinized electrode was displaced
from the block, and the surface of the Nafion film buckled.
Use of solution cast films for platinization was attempted. A Nafion solution
was cast on a dual carbon-carbon block electrode. Initially, 50uL of a 5% Nafion
solution was used to coat the electrode surface. After platinization, the system was
tested under static conditions. Poor backgrounds were obtained and no detection of
Os(bpy)3
+ +
was observed, possibly because of poor connection of the platinized
layer to the block. When 76uL of the 5% solution were cast, some indication of the
presence of Os(bpy)3
+ +
was evident at -0.40V, but this electrode did not exhibit
reproducible signal levels.
To improve the connection of the cast layer to the potentiostat, multiple layers
of Nafion were cast on the block electrode and platinized. The first layer was
prepared using only 25uL of the 5% Nafion, platinized as described, then an additional
layer ofNafion would be cast over the first and then platinized. Attempts to produce
multiple layers ofplatinized Nafion dissolved the first layer.
To test the overall effectiveness of the proposed sensor, an alternate but
comparable route of electrode preparation was attempted which eliminates the
difficulties associated with the platinization process. Solutions comprised ofNafion
and platinum powder were mixed and cast upon a dual carbon-carbon electrode. The
platinized Nafion would still give a better response than the platinum powder because
of the increased number of sites that monitor the mediator. The technique with the
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platinum powder would only indicate the ability of a platinum-Nafion layer to detect
the redox mediator. The platinum powder was dried in vacuo and once dried, the
powder was mixed with the polymer and cast. The layer of platinum black and Nafion
dried at room temperature for an hour before electrochemical evaluation. Acceptable
background scans were produced, and preliminary experiments to detect O.lmM
Os(bpy)3
+ +
were performed. (Figure 36) Current levels did not decrease after 35
minutes, and the redox mediator remained within the polymer matrix. These results
indicate the possible success of the Nafion electrode as a glucose sensor.
A coating of dried platinum powder and Nafion, prepared in the same manner
as above, utilizing a block electrode soaked in a solution mixture of 16uM GO and
ImM Os(bpy)3
+ +for forty eight hours. The block surface was placed in a solution of
20mM phosphate buffer, where 20uL of 1M glucose was injected. The decay of a
current response was measured as a function of time. A signal, similar to the idealized
response was observed. However, the signal to noise ratio was too low and
adjustments need to be made to enhance signal levels.
Preliminary experiments also indicate that casting dried platinum powder,
Nafion, GO and
Os(bpy)33+/2+
onto a BAS microdisc carbon electrode is successful at
monitoring GO activity, when varying amounts of 1M glucose are injected. An
increase of current towards steady state was observed. However, large volumes of the
glucose solution were injected because of the limitations of the electrode surface area.
Therefore, quantification of the current decay of interest was not possible.
An electrode prepared by either casting a mixture of platinum powder and
Nafion or with the PIM design allowed to soak in an enzyme and mediator mixture
would prove successful. Required is a film ofplatinized Nafion which is
"loaded"
with
GO and
Os(bpy)33+/2+
Only a small amount ofglucose needs to diffuse into the
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Figure 36: Differential Pulse Voltammetry of O.lmM
Os(bpy)3J""^
in 20mM
phosphate buffer lOOmM NaCl, with a coated platinum powder-Nafion working
electrode, silver wire reference, and platinum auxiliary. The potential range was
0.10V to -0.30V, with a scan rate of 5mV/sec.
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matrix containing such a combination. All experiments indicate that the PIM
electrode will retail i set amount of analyte, or in the case of the glucose sensor, the
redox mediator. Even when placed in a different solvent system, the PIM will retain a
residual amount of the redox mediator as seen here and elsewhere. These results
show that long term stability can be established with the PIM. In other words, when
the PIM is placed in a flowing strearr residual ar " unt of redox mediator will remain
within the polymer matrix and multiple analysis is sible. Previous work on enzyme
detection utilizing stop flow analysis, demonstrated that glucose concentrations on the
32
order of raM could be detected without any membrane coating. Other research
being conducted in our laboratory proves that electrodes with ionomer coatings can
detect in the nM range. Detection of Ru(bpy)3
+ +
and Os(bpy)3
+ +
with the
ionomer coated electrodes have been on the order of nanomolar concentration and
detection limits of these po;yvalent species with the F M electrodes should b iter
than the previous glucose sensors. We believe then that detection is possible . his
system at the micromolar range if the signal to noise ratio is increased. Reduction of
loise ic possible if adjustments, such as incorporation of a Faradaic cage or isolation of
instrumentation, are made with the potentiostat. Future work on the sensor includes
overcoming the difficulty of combining the platinization process with enzyme
immobilization without affecting GO activity. Changing the polymer to be platinized
from Nafion to either a poly(ester sulfonic acid), AQ, or a cationic-anionic polymer
blend may eliminate any denaturation of GO. Once the platinized membrane and GO
are combined, the sensor can be placed within a flow system.
4.0 Conclusion
The technique and conditions for successful platinized impregnated membrane
electrode, PIM, construction have been developed and optimized. Through cyclic and
differential pulse voltammetry analysis, it is concluded that optimal performance with
a PIM is achieved when the percent of platinum incorporated ranges 45-65% w/w.
The electrochemical analysis of the PIM system show that the membranes maintain
their ability to preconcentrate cationic materials even after being platinized. An
appropriate redox mediator and buffer/electrolyte system for use with glucose were
selected and evaluated electrochemically with the PIM system. The reduction of the
redox mediator was monitored effectively in the buffer solution with a PIM.
The PIM electrodes were characterized with different analytes, electrolytes and
solvents. The electrodes were found to function well in both aqueous and non
aqueous solvents systems. The aqueous electrolyte system chosen consisted of a
20mM phosphate-O.lM sodium chloride buffer aqueous solution. Glucose oxidase,
GO, and the redox mediator were both soluble in the solution, and the buffer was
tested electrochemically with the PIM electrodes. The buffer system also possesses a
potential window in which analytes of interest can easily be detected. Species with
varying charge couples of 0/+1, 2+/3+ and 3+/2+ all partitioned efficiently into the
Nafion matrix. These molecules remained in the membrane for over thirty minutes
after immersion in analyte free solutions with detection limits of
10""
M.
An appropriate redox mediator to monitor GO activity,
Os(bpy)33+ +, was
synthesized and evaluated electrochemically with the PIM. It was observed that the
Os(bpy)33+/2+
easily diffused into the Nafion membrane, and the PIM retained a
significant amount,0.08mM, of the complex ion. This amount of the ion is sufficient to
monitor glucose concentrations. The ability a, retain the mediator is necessary for the
PIM to function in a mediated response system. Experiments performed with the PIM
and coated electrodes indicate the successful ability of platinized Nafion electrodes to
monitor Os(bpy)3
+ +
as an indication ofGO activity.
Several approaches were taken to incorporate GO into the PIM system. The
best results were obtained when a PIM or coated Nafion-platinum powder electrode
were either, (a) allowed to soak in a GO-mediator mixture for 48 hours, or (b) a
solution ofNafion, platinum powder, GO and Os(bpy)3
+ +
were all solution cast on a
solid carbon disc electrode. Both procedures were shown to respond to glucose
injections, and produce "ideal-like" responses, for ImM and up, as compared to the
32
literature results for similar systems.
The PIM should prove successful at monitoring GO once the difficulties of
combining the enzyme and electrode design are alleviated. The goal is to develop a
procedure that would retain maximum enzymatic activity with minimum preparation of
the system. Since the platinum powder Nafion layer could monitor GO, the PEM
should also be successful, as well as more sensitive because of the structure and large
surface area of the PIM electrode.
Difficulties in combining GO and the PIM can be alleviated by altering the
polymer to prepare the PIM. A film of poly(ester sulfonic) acid, AQ, could be
platinized, as is presently done with Nafion. Previously, the AQ polymer has been
shown to remain intact when subsequently coated with a layer of Nafion. Once, the
AQ is platinized, a layer ofGO-Nafion mixture could be cast upon the resultant PIM.
Another new idea is the platinization of an ionomer blend. A miscible cationic-anionic
polymer blend would discriminate against interfere; ts while maximizing the properties
of preconcentration. This ionomer blend coulo i.so be platinized and coated with a
layer ofGO.
Once, the GO is incorporated into a system, that electrode can be placed in a
flow system. Preliminary studies with the platinum powder-Nafion indicate the
success of the PIM electrode in a stopped flow system. The decay of current with
time assesses the decrease in glucose in the region immediately adjacent to the sensor.
The equilibrium based measurement then should possess a wide linear range, and
dependencies on experimental variables, such as enzyme activity, temperature, or
inhibitors should be decreased. Response times are rapid with the PIM electrode, as
steady state is achieved quickly. Therefore, the corporation of platinized membrane
electrodes into flow systems is very promising and offers alternative detectors for on
line flow analysis
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